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De Novo Design and Characterization
of a Helical Hairpin Eicosapeptide: Emergence
of an Anion Receptor in the Linker Region
and the determinants of functions in proteins (Baltzer
et al., 2001). Since the peptide ancestors of present day
proteins, during prebiotic evolution, were also small,
de novo design has the potential to provide valuable
insights into the emergence of primordial structural and
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Many de novo design strategies have relied on theBangalore
India known propensities of protein amino acids to adopt
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Brookhaven National Laboratory achievements (DeGrado et al., 1999; Kortemme et al.,
1998; Neidigh et al., 2002; Cochran et al., 2001). Alterna-Building 725A-X9, NSLS, BNL
Upton, New York 11973 tively, the incorporation of conformationally restricted,
nonprotein amino acids by chemical synthesis has also4 Department of Environmental Technology
and Urban Planning led to successful designs of secondary and supersec-
ondary structures that mimic proteins (Ramagopal etGraduate School of Engineering
Nagoya Institute of Technology al., 2001; Jain and Chauhan, 1996; Balaram, 1999). More
recently, biological methods have been developed toGokiso-cho, Showa-ku, Nagoya 466-8555
Japan incorporate nonprotein amino acids into polypeptide
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and Biotechnology of,-dehydrophenylalanine (Phe) (Jain and Chauhan,
1996) and -aminoisobutyric acid (Balaram, 1999) toNew Delhi
India nucleate and stabilize helical structures in model pep-
tides have been well studied. Phe is an achiral, planar
residue due to extended conjugation of Phe electrons
with sp2 hybridization at its C atom. Designer friendlySummary
conformational characteristics of Phe residues include
their ability to (1) engage in side chain aromatic interac-De novo design of supersecondary structures is ex-
tions (Ramagopal et al., 2001; Ramagopal et al., 2002),pected to provide useful molecular frameworks for the
(2) act as nuclei for C-H···O/N-H··· weak interactionsincorporation of functional sites as in proteins. A 21
(Ramagopal et al., 2001; Desiraju, 1996) involving theresidue long, dehydrophenylalanine-containing pep-
side chain and/or backbone atoms, and (3) acquire am-tide has been de novo designed and its crystal struc-
bidextrous conformations as observed in several modelture determined. The apolar peptide folds into a helical
peptides (Forster et al., 2003; Ramagopal et al., 1998;hairpin supersecondary structure with two right-
Jain et al., 1997).handed helices, connected by a tetraglycine linker.
We have recently reported the structure of a PheThe helices of the hairpin interact with each other
containing heterochiral helical hairpin eicosapeptidethrough a combination of C-H···O and N-H···O hydro-
(HTH1) in which a flexible tetraglycine linker connectedgen bonds. The folding of the apolar peptide has been
two 310 helices of opposite handedness (Ramagopal etrealized without the help of either metal ions or disul-
al., 2001). These two helices of HTH1 were found tophide bonds. A remarkable feature of the peptide is
associate through an extensive network of C-H···O inter-the unanticipated occurrence of an anion binding motif
actions at the helix interface involving C-H from Phein the linker region, strikingly similar in conformation
residues and O from the carbonyls of both helices. How-and function to the “nest” motif seen in several pro-
ever, since HTH1 is not representative of the preferredteins. The observation supports the view for the possi-
right-handed screw sense of protein helices, we won-ble emergence of rudimentary functions over short
dered if in the above helical hairpin paradigm, two right-sequence stretches in the early peptides under prebi-
handed helices might also form a hairpin. Accordingly,otic conditions.
we have now synthesized and determined the crystal
structure of an all L homologous eicosapeptide HTH2
Introduction with sequence: acetyl-Gly(1)-Phe(2)-(L-Ala-Phe-Phe)2
(3-8)-L-Ala(9)-(Gly)4(10-13)-Phe(14)-(L-Ala-L-Leu-Phe)2
De novo protein design has the broad aim to mimic the (15-20)-L-Ala(21)-NH2. The homochiral peptide HTH2
structures of natural proteins and to design new proteins was obtained after replacing the D-Ala residues at posi-
with novel structural arrangements and functions (Ra- tions 3 and 6 in HTH1 (Ramagopal et al., 2001) by L-Ala
magopal et al., 2001; Venkatraman et al., 2001; Formag- residues. It was expected that in HTH2 both helices will
gio et al., 2000; DeGrado et al., 1999). Such peptides, acquire right-handed conformation and that the struc-
generally smaller than proteins, bring us closer to under- ture would allow us to probe interactions between two
standing at the atomic level the intricacies of folding right-handed helices. The HTH2 has adopted a helical
hairpin structure with retention of right handedness in
both its helices. HTH1 and HTH2 have allowed us to*Correspondence: virander@icgeb.res.in
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compare interhelical interactions in right-right versusTable 1. Crystallographic Details for Peptide HTH2
left-right-handed helices in helical hairpins. An unantici-
Empirical formula C114H128N22O22 pated finding is the hydrogen bonding of an acetateMolecular weight 2158 Da
anion to the tetraglycine linker region uniquely in HTH2Crystal system monoclinic
but not in HTH1. It was a pleasant surprise to noticeSpace group C2
Cell parameters a  46.651 A˚, b  that the conformational and functional features of the
20.987 A˚, c  14.449 A˚, HTH2 anion binding region are remarkably similar to the
  94.66 anion binding “nest” motifs seen in proteins (Pal et al.,
Cell volume 14099.70 A˚3
2002). The structure of HTH2 and the possible implica-Z 4
tions of the occurrence of anion binding motif to theMolecules/asymmetric unit 1
emergence of functions over short sequence stretchesDensity calculated (gm/cm3) 1.019
Radiation used synchrotron (  0.978 A˚) in the prebiotic peptide world are discussed in this
 7.0 cm	1 report.
Resolution 1.00 A˚
Unique reflections 7382
Observed reflections (|Fo| 
 4(|Fo|) 6913
Results and DiscussionStructure solution SnB V2.1
Refinement procedure full-matrix least-squares
refinement on Fo2 using Overall Structural Features of HTH2
SHELXL (97-2) The 1.0 A˚ atomic resolution X-ray structure of HTH2
R factor 12.54% (Table 1) shows that it has folded as a helical hairpin
supersecondary structural motif (Figure 1). The N-ter-
minal (2–10) and C-terminal (13–20) segments are right-
Figure 1. Comparison of the Helical Hairpins HTH2 and HTH1
Front view shows that in the homochiral HTH2 (A), two right-handed helices are interacting via backbone-backbone C-H···O and N-H···O
hydrogen bonds, while in the heterochiral HTH1 (B) helices of opposite handedness are interacting via side chain-backbone C-H···O hydrogen
bonds. In view down the helical axis (C and D), the wedge into groove association common to both these folds is shown. R/L, right-/left-
handed helices; N/C, amino-/carboxy terminus.
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Table 2. Hydrogen Bonds: HTH2
Donor Acceptor Distance Distance Angle Type
(D) (A) (D···A) (A˚) (H···A) (A˚) (D-H···A) ()
N1 O21 3.009 2.21 155 BB
N2 O3W 2.868 2.01 174 BS
N3 O2W 2.964 2.12 167 BS
N4 O1 2.893 2.05 168 4→1
N5 O2 2.909 2.07 164 4→1
N6 O3 2.963 2.11 174 4→1
N7 O4 2.841 2.01 163 4→1
N8 O5 2.914 2.06 170 4→1
N9 O6 2.974 2.12 170 4→1
N10 O7 2.764 1.96 154 4→1
N11 O1A 2.677 2.13 121 BS
N12 O1A 2.992 2.36 130 BS
N13 O11 2.850 2.01 166a (1) BB
N14 O6W 2.849 2.04 156 BS
N15 O12 2.899 2.08 159 4→1
N16 O13 2.877 2.06 159 4→1
N17 O14 2.863 2.04 160 4→1
N18 O15 2.993 2.15 166 4→1
N19 O16 2.895 2.06 165 4→1
N20 O17 2.875 2.05 161 4→1
N21 O18 2.933 2.09 167 4→1
N22 O19 3.058 2.21 167 4→1
N22 O4W 2.991 2.17 159 BS
C1 O2W 3.347 2.65 129 BS
C1 O3W 3.472 2.81 126 BS
C15 O7 3.164 2.40 135 BB
C18 O4 3.302 2.63 126 BB
C21 O1 3.275 2.60 126 BB
a The symmetry-related (1) 	x  2, y, 	z  2.
BS, backbone to solvent; BB, backbone to backbone; A, acetate; W, water.
handed 310 helices with average (φ, ) values of (	59, ent. While in HTH1, helices of opposite handedness in-
teract via side chain-backbone C-H···O hydrogen bonds;	19) and (	59, 	20) respectively. These two helices
stabilized by main chain 4→1 hydrogen bonds and con- in HTH2 the C-H···O hydrogen bonds at the interface
formed by helices of the same handedness involve onlynected by the flexible tetraglycine linker make an angle
of 181 with each other. The two right-handed helices the main chain atoms (Figure 1). Although the helices
dock differently, the wedge into groove type of associa-are interacting via three C-H···O and one N-H···O back-
bone-backbone hydrogen bonds (Table 2), which along tions of 310 helices is common to both the hairpins (Figure
1) as opposed to knobs into holes or the ridges intowith other structure stabilizing interactions contribute to
the overall cohesive energy of the hairpin. The C-H···O grooves modes of interactions between  helices pro-
posed earlier (Crick, 1953; Chothia et al., 1977). It isbonds are between C atoms of Ala15, Ala18, and Ala21
and the carbonyl groups of Phe7, Phe4, and Gly1 noteworthy that HTH1 and HTH2 have folded without the
assistance of either disulphide bridges or metal atoms,respectively. The N-H···O hydrogen bond (McDonald
and Thornton, 1994) appears strategically located be- although it must be mentioned at the same time that
the two peptides are essentially apolar and thereforetween the amide group of Gly1 and the carboxamide
at Ala21. The interhelical C-H···O bonds in HTH2 are not soluble in aqueous solvent.
reminiscent of the C-H···O hydrogen bonds that confer
stability and specificity in transmembrane helix interac- Comparison of the Flexible Linker Regions in the
Two Hairpin Structures HTH1 and HTH2tions (Senes et al., 2001) or in collagen where they occur
between neighboring chains (Bella and Berman, 1996). The amide groups of the linker Gly residues (11 and 12)
in HTH2 are hydrogen bonded to the oxygen atom ofThe linker region in HTH2, comprising the four consecu-
tive glycines (10–13), one of the key features of the strat- an acetate (Figure 2; Table 2) The C-O1A and C-O2A
bond lengths (1.253 and 1.261 A˚) of the bound acetateegy of helical hairpins design in the present work, has
assumed a nest-like conformation (Watson and Milner- are almost equal, suggesting its anionic status. The
three consecutive Gly residues (Gly10–Gly12) have as-White, 2002a). Gly10 (	67, 	25) has been retained at
end of the N-terminal helix, whereas Gly11 (67, 36) acts sumed a conformation (φ10, 10 	67,	25), (φ11, 11
67, 36), (φ12, 12  166, 	166), such that their mainas the helix terminator. Further, Gly12 (166, 	166) has
adopted torsion angles close to the fully extended struc- chain NH groups form a concave depression serving as
an acetate anion receptor. The electron density mapture, whereas Gly13 (	58, 	27) is seated at the begin-
ning of the C-terminal, right-handed helix. of the tetraglycine linker region in HTH2 clearly shows
binding of an acetate ion (Figure 3). This geometricalAlthough HTH2 and HTH1 fold as helical hairpins, the
interhelical interactions in them are significantly differ- feature where the backbone of successive residues as-
Structure
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Figure 2. Linker Regions in HTH2 and HTH1
Tetraglycine linker region of HTH2 is a nest that binds acetate at hydrogen bond distance. (A) shows this acetate or “egg;” “AC” is in ionic
form since its two C-O bond lengths are nearly equal. The concave depression of the nest is formed by the three consecutive main-chain
residues (Gly10–Gly12) having enantiomeric torsion angles (φ10, 10  	67, 	25), (φ11, 11  67, 36) . This kind of geometric feature is
observed in RL nests of proteins. For a comparison of RL nests in proteins versus HTH2, see Tables 3 and 4. The linker region of HTH1 (B),
is occupied by the  cloud of Phe14.
Figure 3. Electron Density Map of Tetragly-
cine Linker Region in HTH2
Electron density map (2Fo-Fc) of tetraglycine
region and acetate ion in HTH2 contoured at
2.0  level. Interaction of acetate ion with
Gly11 and Gly12 is shown.
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Table 3. Comparative RL Nests Geometric Parameters for Proteins versus De Novo-Designed Peptide HTH2
φ1 1 φ2 2 H1N1N2H2 H2N2N3H3 N1N2N3
RL in proteins 	91 	5 74 23 56 	41 123
RL in HTH2 	67 	25 67 36 37 	31 135
RL in 1EWQ 	64 	20 72 25 46 	38 128
RL in 1EZV 	72 	35 77 21 35 	43 125
Search in the PDB for sequence stretches of four residues, which have conformations similar to that of the tetraglycine region of HTH2 yielded
many hits. The best two hits are shown here and in Table 4.
The average values of geometric parameters observed for RL nests in proteins and the corresponding parameters observed in the RL functional
nest (Gly10-Gly11-Gly12) of HTH2, 1EWQ (232A–235A), and 1EZV(166C–169C). The definition of angles H1N1N2H2, H2N2N3H3, and N1N2N3
is as in Pal et al. (2002).
sumes enantiomeric conformations and binds anions, taining peptides (Jain and Chauhan, 1996; Pieroni et
al., 1996). These peptides show the intense absorptiontermed as nest, is often found at functionally important
regions in proteins, well-known examples being the P maximum at 270–280 nm, which has been assigned to
charged-transfer transition from the highest occupiedloop phosphate binding motif that occurs in G proteins
and kinases, the oxy-anion hole in serine proteases, orbital localized on the styrene moiety to the vacant
orbital of carbonyl group. The peptides containing twoand fusion peptide region of influenza haemagglutinin
(Watson and Milner-White, 2002b). The “nest” serves as or more dehydro-phe residues may exhibit intense CD
couplets, typical of an exciton splitting due to dipole-the binding site of an “egg” which is an atom or a group
of atoms with full or partial negative charge (Pal et al., dipole interactions between the Phe chromophores
(Jain and Chauhan, 1996).2002). These nests occur in two enantiomeric forms, RL
([φ1, 1  	90, 0]; [φ2, 2  90, 0]) and LR ([φ1, 1  CD analysis of the two hairpins showed (Figure 4)
characteristic exciton split positive peak at around 28090, 0]; [φ2, 2  	90, 0]), and preferentially occur at
the end of  helices and reverse turns. By the torsion nm with a negative peak each at longer and shorter
wavelengths, typical of Phe containing helical pep-angles criterion, the nest found in HTH2 is of type RL
(Table 3) and may be regarded as being somewhat differ- tides. As expected, the residue ellipticity value in the
heterochiral HTH1 is approximately half the value for theent from the typical nests found in proteins, in that it is
sandwiched between two 310 helices; at the C terminus homochiral HTH2. The CD spectrum of HTH1 showed
greater sensitivity to solvents than was the case withof one and the N terminus of the other 310 helix, within
the same molecule. It is a functional nest since it binds HTH2. The CD band at 320 nm in HTH1, but absent
in HTH2 is likely to arise from Phe-Phe interactionsthe oxygen atom of an acetate anion (Figure 2), a finding
corroborated by the clear electron density for the ace- seen uniquely at the helix interface of HTH1. Variable
temperature CD studies showed more pronouncedtate bound to the tetraglycyl linker (Figure 3). The re-
markable similarity in conformation, function, and hy- changes in HTH1 than was the case with HTH2. The
disappearance of the 320 nm CD band in HTH1 at highdrogen bonding pattern of the anion binding region of
HTH2 with the anion binding “nest” region in proteins temperature indicates loss of Phe-Phe interactions.
Theoretical CD spectra can be generated by mixingis highlighted by comparison with two examples from
the Protein Data Bank (Westbrook et al., 2002) (Tables of exciton couplings based on a wide variety of ZPhe-
ZPhe pairs in the two 310-helical chains, i.e., in in-3 and 4). Interestingly, in the sequentially identical but
conformationally different linker region of HTH1 (1), NH terchains as well as intrachains. In the present study,
theoretical CD studies were carried out to investigateof Gly10 participates in N-H- interaction with the side
chain Phe14 -system (Figure 2). the qualitative dependence of the CD patterns of the
two hairpins upon imparting the fully extended confor-
mations (180, 180) to one, two, three, or all four glycineCircular Dichroism Studies of HTH1 and HTH2
residues in the linker region. The resulting theoreticalCircular dichroism (CD) studies have provided an excel-
lent tool to analyze structural features of Phe con- conformations of the two hairpins (Figure 4) revealed
Table 4. List of PDB Codes and Stretches, which Have Low Rms Deviation with Backbone N, C, and C Atoms of the Anion Binding
(Tetraglycine Segment) Nest Region in HTH2
Deviation in Position of
Chain ID Stretch Sequence Rms Deviation (A˚) Anion (A˚)
1EWQ A 232–235 NGGA 0.198 0.592
1EZV C 166–169 WGGF 0.206 0.552
In both these hits, the anion or “egg” comes from the carbonyl of the residue at position 	3 from the stretch sequences. Thus, in 1EWQ, the
anion is carbonyl oxygen of GLU 229A and in 1EZV, the anion is carbonyl oxygen of SER 163C. In each hit, the deviation in position of this
anion with respect to the position of acetate anion in HTH2 is also shown. Each of the nests found (in 1EWQ and 1EZV) is at the C termini of
an  helix and also defines a Schellmann loop (Rajashankar and Ramakumar, 1996) with sequence XGGX. The nest region in HTH2 connects
two 310 helices. 1EWQ, DNA mismatch repair protein; 1EZV, cytochrome B.
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Figure 4. Circular Dichroism Spectral Char-
acterization of HTH1 and HTH2
The top two panels show the solvent depen-
dence of the two structures. The middle two
panels show the temperature (C) depen-
dence of the two structures in acetonitrile.
Note the two isodichroic points (marked by
arrows) shown in HTH1. The bottom panels
show the theoretically calculated CD spectra
where (1) the torsion angles from the X-ray
structure of the hairpin were used while
ECEPP (Momany et al., 1975) geometric pa-
rameters were used for all bond lengths and
bond angles of saturated residues. For Phe
ECEPP parameters, see Inai et al. (1993). In
2–5, fully extended conformations were al-
lowed for Gly10, 2; Gly10–Gly11, 3; Gly10–
Gly12, 4; and Gly10–Gly13, 5. The CD calcula-
tion was performed according to the previous
report (Inai et al., 1993) based on the excition
chirality method (Harada et al., 1975).
dramatic changes in spectra upon alteration of only the cording to the consensus amino acid chronology, the
amino acids in ancient proteins are likely to be Gly, Ala,interhelical spatial arrangement with retention of helical
Val, Asp, Pro, Ser, Thr, Glu, and Leu—all from Miller’sstructures, suggesting that flexibility of the tetraglycyl
mixture (Trifonov and Berezovsky, 2002). Since Gly, thelinker may make a significant contribution to the diver-
simplest of amino acids, was present in the highestsity of CD spectra observed experimentally (Figure 4).
abundance, the resulting primordial peptides were likely
to be Gly rich. In such peptides, main chain atoms by
Emergence of Function in the De Novo-Designed virtue of increased flexibility might have frequently en-
Peptide: Possible Evolutionary Links gaged themselves in exploratory optimal interactions
The anion binding functional motif in HTH2 at the main leading to emergent functions. In anion binding RL nests
chain atoms of the tetraglycyl linker, though not or- seen in several proteins, main chain NH groups are hy-
dained by us at the stages of peptide design, has drogen bonded to anions and the residue in the left-
emerged spontaneously. The observed anion recogni- handed (L) conformation of the main chain is most often
tion in HTH2 may have some relevance for the emergence Gly (Pal et al., 2002). Anion binding functionality could
have been one of the simple functions acquired by theof simple functions in early peptides during evolution. Ac-
Anion Receptor in a Designed Helical Hairpin Peptide
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